OBJECTIVE -To evaluate the utility of GAD antibodies (GADAs) and islet antigen-2 antibodies (IA-2As) in prediction of type 1 diabetes over 27 years in the general population and to assess the 6-year rates of seroconversion.
T ype 1 diabetes is an immunemediated disease leading to chronic insulin deficiency due to extensive and selective ␤-cell destruction in subjects with increased genetic disease susceptibility (1) . The clinical disease manifestation represents end-stage insulitis, since only 10 -20% of the insulinproducing ␤-cells have been estimated to still be functioning at the time of diagnosis (2) . The clinical disease presentation is preceded by an asymptomatic period of variable duration. ␤-cell autoimmunity is characterized by the presence of autoantibodies, such as islet cell autoantibodies (ICAs), insulin autoantibodies (IAAs), autoantibodies to the 65-kDa isoform of GAD (GADAs), and autoantibodies to the intracellular portion of the protein tyrosine phosphatase-related islet antigen-2 molecule (IA-2As), in the peripheral circulation (3) . Many studies (3) (4) (5) have shown that these antibodies can be used efficiently for the prediction of type 1 diabetes in first-degree relatives of affected patients. The combination of GADAs and IA-2As has a high sensitivity and specificity for type 1 diabetes in family members, although prospective studies from birth have shown that IAAs are usually the first or among the first antibodies to appear in young children (6 -8) . In a previous survey, we showed that the predictive characteristics of combined positivity for GADAs and IA-2As were of the same magnitude in the general population as those seen among first-degree relatives over an observation period of 15 years (9) . In this study, we set out to assess the predictive characteristics of GADAs and IA-2As over a period of 27 years in a population-based series of 3,475 Finnish subjects initially aged 3-18 years. We also had the opportunity to define in this population the rates of positive and inverse seroconversions over the initial 6 years of follow-up.
RESEARCH DESIGN AND
METHODS -A total of 3,596 children and adolescents were initially recruited in 1980 for a population-based study on cardiovascular risk in young Finns (10) . Unselected Finnish subjects aged 3, 6, 9, 12, 15, and 18 years at entry of the study were recruited in five university cities in Finland and in 12 rural communities in their vicinity. Data on the predictive value of GADAs and IA-2As in the samples obtained in 1980 have been reported earlier for a follow-period of 15 years (9). All subjects were invited for reexamination in 1986. We tested all available samples of initially nondiabetic subjects taken in 1980 (n ϭ 3,475; girls 50.7%) and 1986 (n ϭ 2,375; girls 52.8%) for GADAs and IA-2As. Subjects who developed type 1 diabetes were asked to report the diagnosis to their study center. All subjects who developed clinical diabetes by the end of year 2007 were identified from the Central Drug Registry of the National Social Insurance Institute as a secondary source. This registry has an ascertainment rate of Ͼ99% for new patients with diabetes (11) . The diagnosis of type 1 diabetes required that the patient was started on exogenous insulin within 5 days after the diagnosis. All subjects with available serum testing positive for GADAs and/or IA-2As on at least one of the occasions were also analyzed for ICAs and IAAs. The subjects who developed diabetes over the observation period were analyzed for all four autoantibodies in the samples taken in 1980 and 1986, if available. Sera were stored at Ϫ20°C until analyzed.
GADAs and IA-2As were quantified with specific radioligand assays based on the same principle as described in detail elsewhere (9) . The results were expressed in relative units (RU), and these were transformed into World Health Organization (WHO) units based on the WHO standard serum. The cutoff limit for antibody positivity was set at the 99th percentile in a separate series of Ͼ370 nondiabetic children and adolescents being 14.13 WHO units (5.36 RU) for GADAs and 1.91 WHO units (0.43 RU) for IA-2As. The disease sensitivity of the GADA assay was 82% and the specificity 96% and the corresponding characteristics of the IA-2A assay 72 and 100% in the 2005 Centers for Disease Control and Prevention-sponsored Diabetes Autoantibody Standardization Program Workshop. Samples with GADAs or IA-2As levels between the 97th and 99.5th percentiles were reanalyzed to confirm the antibody status. The 1980 and 1986 samples from the subjects seroconverting to antibody positivity or negativity were reanalyzed blindly in the same assay to verify the seroconversion.
ICAs were analyzed by a standard immunofluorescence method from sections of a frozen human group O pancreas as described (9) . The threshold for ICA detection was 2.5 Juvenile Diabetes Foundation (JDF) units.
IAA levels were measured with a microassay as described (9) . A subject was considered positive for IAAs when the specific binding exceeded 1.55 RU (99th percentile in 371 nondiabetic Finnish subjects). The disease sensitivity of our microassay was 58% and the specificity 98% in the 2005 Diabetes Autoantibody Standardization Program Workshop.
Statistical analysis
The statistical evaluation was performed using the 2 test when analyzing differences in the frequencies of antibodies and type 1 diabetes between groups unless any expected value was less than five, when Fisher exact test was applied. The Mann-Whitney U test was used for comparisons between the levels of autoantibodies. The Kaplan-Meier method was used to construct life tables of the likelihood of developing type 1 diabetes. The log-rank test was used for comparison of the survival distributions. Hazard ratios (HRs) for factors potentially predictive for type 1 diabetes (sex, age at initial screening, initial GADA and IA-2A positivity, as well as GADA and IA-2A levels) were assessed with the Cox regression model. A two-tailed P value of 0.05 was considered There was no difference in GADA titers between sexes. Thirteen boys and nine girls (0.8 vs. 0.5%; P ϭ 0.36) had IA-2As in their initial sample, the boys having higher titers than the girls (median 5.61 vs. 2.47 WHO units; P ϭ 0.05).
Among those with samples available from 1986, 9 of 2,357 subjects negative for GADAs in 1980 (0.4%) had seroconverted to GADA positivity. The positive seroconversion rate did not differ significantly between male and female subjects (0.5 vs. 0.2%, respectively). Six of 18 initially GADA-positive subjects (33%) had experienced an inverse seroconversion. Inverse seroconversions tended to be more common among female than among male subjects (5 of 10 vs. 1 of 8; P ϭ 0.09). Seroconversion to positivity for IA2As was seen in 4 of 2,361 (0.2%) subjects (boys 0.3%, girls 0.1%) over the 6-year period. The inverse seroconversion rate was somewhat higher for IA-2As (8 of 14; 57%) than that for GADAs, but there was no sex difference. Individual autoantibody data in the subjects who experienced positive seroconversions and corresponding data in subjects with inverse seroconversions are presented in Table 1 Over the observation period of 27 years 12 male and 6 female subjects developed clinical type 1 diabetes (0.7 vs. 0.3%; P ϭ 0.16). The progressors were initially ϳ1.7 years younger than the nonprogressors (aged 9.1 years [range 2.9 -18.9] vs. aged 10.8 years [2.7-18.9]; P ϭ 0.14). The diabetes-free survival over time is presented in relation to initial autoantibody status in Fig. 1 . Both GADA and IA-2A positivity were associated with relatively high probability (9 of 34 ϭ 26% and 9 of 22 ϭ 41%, respectively) of type 1 diabetes (Table 2) . Similarly positivity for GADAs and/or IA-2As was related to an increased likelihood of progression to overt diabetes (Fig. 1C) . All seven doublepositive individuals developed clinical diabetes during the follow-up (Fig. 1D) . The GADA titers were of the same magnitude in the progressors and nonprogressors positive for GADAs. The antibodypositive progressors had higher titers of IA-2As than the nonprogressors both among male subjects (median 141.8 vs. CONCLUSIONS -As soon the first effective preventive modality becomes available for clinical use, there will be an apparent need to extensively identify individuals at risk for progression to type 1 diabetes from the general population, since the overwhelming majority of the cases with newly diagnosed disease are sporadic (12) . The present data show that one-time screening for GADAs and IA-2As is capable of identifying ϳ60% of those individuals who will develop type 1 diabetes over the subsequent 27 years. The highest PPV was seen in those testing initially positive for both GADAs and IA-2As, but the sensitivity dropped from 50% for either test alone to 39%.
The first studies focusing on prediction of type 1 diabetes in the general population used ICAs as a marker. Bruining et al. (13) reported that the PPV of ICA positivity was 50% for type 1 diabetes when observing 4,806 schoolchildren for 10 years, while Schatz et al. (14) observed a PPV of 18% associated with ICA positivity in 9,696 school children followed for a maximum period of 8 years. The Washington State Diabetes Prediction Study Positive autoantibody titers appear in bold. NA, not available.
showed that positivity for at least two autoantibodies out of IAAs, GADAs, and IA-2As was associated with a high sensitivity (100% [95% CI 58 -100]) and a reasonable positive predictive value (50% [95% CI 25-75]) in initially 12-to 18-year-old school children over a median time period of 8 years (15) . In the Swedish ABIS Study, combined positivity for GADAs and IA-2As at the age of 2.5 years was associated with a PPV of 11% for clinical diabetes by the age of 8 years (16). All the above-referenced studies have been based on a limited number of progressors, and the maximal follow-up time has been 10 years, whereas the present survey is based on the longest observation period ever reported (i.e., 27 years). Unfortunately, no HLA data were available on the participants in our study, which is an apparent limitation. The current survey did not set out to assess whether GADAs and IA-2As are superior to other autoantibodies, since ICAs and IAAs were analyzed only in those children who tested positive for GADAs and/or IA-2As and/or developed clinical type 1 diabetes. Our observation that both positive and inverse seroconversions occurred during an observation period of 6 years confirms that ␤-cell autoimmunity represents a dynamic process as previously shown in a Finnish family study (17) . Some studies (18, 19) have claimed that most positive seroconversions take place before the age of 6 years. The present data do not support such a phenomenon. Onethird of the subjects initially positive for GADAs tested negative for GADAs 6 years later, whereas the proportion of inverse seroconverters was close to 60% for IA2As. A majority of those (12 of 14) who experienced an inverse seroconversion tested positive for one single antibody in their initial sample. The remaining two still tested positive for at least one antibody in the subsequent sample. One of the two children presented with clinical diabetes in 1988. The inverse seroconverters initially positive for a single antibody all had relatively low antibody titers in their first sample. Taken together, these observations suggest that ␤-cell autoimmunity may be induced at any age, at least before the age of 20 years. Positivity for a single autoantibody seems to reflect transient ␤-cell autoimmunity in about half of such individuals. Regression to autoantibody negativity was not observed in any of the seven subjects initially positive for both GADAs and IA-2As, suggesting that positivity for at least two diabetesassociated autoantibodies represents, in most cases, a point of no return.
Altogether 18 subjects (0.52% [95% CI 0.31-0.82]) developed type 1 diabetes over the observation period of 27 years, while the expected number of cases would be 20 based on the recorded incidence rate in the age-group from 3 to 35 years in Finland. Available data suggest that the natural history of preclinical type 1 diabetes varies considerably from one individual to another (20) . In the present series, the interval from the first autoantibody-positive sample to clinical presentation of type 1 diabetes ranged from 0.9 to 20.3 years with a median of 8.6 years. When considering those 11 progressors who tested positive for at least one diabetes-associated autoantibody in the pre-diabetic period, the median interval from the first antibody-positive sample to the diagnosis of diabetes was 8.9 years with a minimum of Ͻ1 year and a maximum of 20 years. Although we do not know the exact age at seroconversion, the observed range in the duration of the pre-diabetic period supports the view that there is substantial individual variation in the progression rate to clinical diabetes. Family studies have indicated that young age at the appearance of the first autoantibodies, high antibody titers except for GADAs (5), a high-risk HLA genotype, and a reduced first-phase insulin response to intravenous glucose are all factors associated with an accelerated progression to overt type 1 diabetes (21, 22) . The Cox regression analysis revealed expected predictors of type 1 diabetes, except that age at initial screening turned out to be unrelated to diabetes risk. This may be due to a longer observation time in the current study than in previous reports, as seroconversion at young age has been shown to be associated with rapid progression to clinical disease (23) , which may be neutralized by longer follow-up.
There were seven individuals who developed diabetes with no detectable GADAs or IA-2As in their initial sample. Two individuals had positive IAAs or ICAs. In the remaining five subjects, no markers of humoral ␤-cell autoimmunity were detected in their pre-diabetic period. There might be a series of alternative explanations to this observation. Some pre-diabetic individuals may have seroconverted to autoantibody positivity after the last sample available for testing, whereas a few other may have tested positive for one or more autoantibodies earlier, since there are examples of inverse seroconversions in the pre-diabetic period in some progressors (24) . A conspicuous feature in the present series of progressors is the overrepresentation of male subjects (67%). This is, however, consistent with the male predominance among patients with type 1 diabetes diagnosed after puberty (25) , as 61% of our cases were diagnosed after the age of 15 years and all but two of these were male subjects.
This study demonstrates that it is possible to identify individuals at high risk for type 1 diabetes from the general population by screening for GADAs and IA2As. One subject tested positive for four autoantibodies at the age of 11.9 years and presented with clinical diabetes Ͼ20 years later, representing, as far as we know, the longest preclinical period so far observed. The occurrence of both positive and inverse seroconversions up to the age of 24 years implies that ␤-cell autoimmunity represents a dynamic process, and that it can be induced at any age in childhood and adolescence and may be transient in a substantial proportion of subjects testing positive for a single antibody.
